INTRODUCTION
============

Ribavirin is an antiviral drug used in combination with pegylated interferon-α (IFN-α) for the treatment of hepatitis C virus (HCV) infection ([@B1],[@B2]). Ribavirin is also effective for the treatment of infection with other viruses such as respiratory syncytial virus and Lassa fever virus ([@B3],[@B4]). Since the effect of ribavirin on HCV infection was reported for the first time, it has been widely used for the treatment of HCV infection. However, the specific role ribavirin plays in the treatment of HCV infection remains elusive ([@B5]).

Several mechanisms have been proposed to explain how ribavirin exerts anti-HCV activity. It was reported that ribavirin inhibits inosine 5\'-monophosphate dehydrogenase ([@B6]), an important enzyme in guanine nucleotide biosynthesis ([@B7]). Ribavirin is also known to inhibit RNA-dependent RNA polymerase of HCV and to induce viral mutagenesis ([@B8]). In addition, ribavirin enhances the expression of IFN-stimulated genes by modulating IFN signaling ([@B9],[@B10]).

T cell immune responses are also influenced by ribavirin. Initially, it was reported that ribavirin enhances production of T helper 1 (Th1) cytokines such as IFN-γ, TNF-α and IL-2, while suppressing T helper 2 (Th2) cytokines such as IL-4, IL-5 and IL-10 ([@B11],[@B12]). However, contradictory results have been reported by other studies ([@B13]), thus T cell-regulatory roles of ribavirin are still controversial ([@B14]).

Recently, the effect of ribavirin on the suppressive function of regulatory T (Treg) cells was reported ([@B15]). In this study, Treg cell clones were generated from patients with chronic HCV infection, and the effect of ribavirin on the Treg cell clones was examined. They found that ribavirin inhibited IL-10 production of the Treg cell clones, and reversed Treg cell-mediated suppression of effector T cells ([@B15]).

In the present study, we re-evaluated the effect of ribavirin on Foxp3^+^CD4^+^CD25^+^ Treg cells isolated from normal donors and report here that ribavirin does not impair the suppressive activity of Treg cells.

MATERIALS AND METHODS
=====================

Isolation of lymphocytes
------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood of normal donors by standard Ficoll-Paque (GE Healthcare, Uppsala, Sweden) density gradient centrifugation.

Antibodies and reagents
-----------------------

The following fluorochrome-conjugated monoclonal antibodies were used for multicolor flow cytometry: anti-CD3-V450 (UCHT1), -V500 (SP34-2) or -APC-H7 (SK7); anti-CD4-FITC or -A700 (RPA-T4); anti-CD25-PerCP-Cy5.5 or -APC (MA251); anti-CD39-PE-Cy7 (eBioA1, eBioscience, San Diego, CA); anti-CD127-Pe-Cy7 or -FITC (HIL-7R-M21); and anti-Fas (CD95)-V450 (DX2) (all from BD Biosciences, San Jose, CA). For intracellular staining, anti-FoxP3-PE (PCH101) (eBioscience) and anti-CTLA-4-APC (BNI3, BD Biosciences) were used. LIVE/DEAD™ fixable aqua dead cell stain kit (Invitrogen, Carlsbad, CA) or 7-aminoactinomycin (7AAD) (BD Biosciences) was used for dead cell gating. Ribavirin was purchased from SIGMA (St. Louis, MO), and IFN-αA/D was purchased from PBL interferon source (Piscataway, NJ).

Flow cytometry and immnunophenotype analysis
--------------------------------------------

PBMCs were stained with fluorochrome-conjugated antibodies against surface markers for 30 minutes on ice and then washed. Dead cells were stained by using either Live/Dead Fixable Cell Stain Kit or 7-AAD. For intracellular protein staining, surface-stained cells were permeabilized using FoxP3 Staining Buffer Kit (eBioscience) according to the manufacturer\'s instructions and further stained for intracellular proteins such as Foxp3 and CTLA-4. Flow cytometry was performed on an LSR II instrument using FACSDiva software (BD Biosciences), and data were analyzed using FlowJo software (Treestar, San Carlos, CA).

Magnetic isolation of Treg cells and non-Treg CD4^+^ T cells
------------------------------------------------------------

Treg cells were isolated from PBMCs using CD4^+^CD25^+^ CD127^lo/-^ Treg cell isolation kit II (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer\'s instructions. Briefly, the non-Treg CD4^+^ T cells and CD127^high^ cells were first depleted using a cocktail of biotinylated antibodies and anti-biotin microbeads. Then, CD4^+^CD25^+^CD127^lo/-^ Treg cells were directly labeled with CD25 microbeads and isolated over a selection column.

For isolation of non-Treg CD4^+^ T cells, CD25^high^ cells were depleted with CD25 microbeads, and CD4^+^ T cells were subsequently purified using CD4 microbeads.

Standard Treg suppression assay
-------------------------------

The isolated non-Treg CD4^+^ T cells were labeled with 5µM carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen). CFSE-labeled non-Treg CD4^+^ T cells, serving as responder T (Tresp) cells, were stimulated by soluble anti-CD3 antibody (0.1µg/ml; Beckman Coulter Immunotech, Marseille, France) and anti-CD28 antibody (1µg/ml; BD Biosciences) with or without addition of the isolated Treg cells. After 96 hours of culture, the proliferation of Tresp cells was analyzed by assessing the percentage of CFSE^lo^ dividing cells with an LSR II flow cytometer. Dead (7-AAD^+^) cells were excluded from the analysis. The percentage of suppression was calculated as \[1-(% T cell proliferation with Treg cells/% T cell proliferation without Treg cells)\]×100.

RESULTS AND DISCUSSION
======================

We isolated PBMCs from whole blood of normal donors and investigated the effect of ribavirin on Foxp3^+^CD4^+^CD25^+^ Treg cells. In the present study, ribavirin was used in a concentration of 2.5µg/ml, since serum concentration of ribavirin in treated patients is approximately 1.5\~2.5µg/ml ([@B16],[@B17]). First, we examined the expression of CTLA-4 and CD39 in Treg cells because CTLA-4 ([@B18]-[@B20]) and CD39 ([@B21],[@B22]) are involved in the suppressive function of Treg cells and their expression levels correlate with the suppressive activity of Treg cells ([@B18]-[@B22]). Treg cells express higher levels of CTLA-4 and CD39 than non-Treg CD4^+^ T cells; however, ribavirin treatment changed the expression of CTLA-4 and CD39 neither in Treg cells nor in non-Treg CD4^+^ cells ([Fig. 1A and B](#F1){ref-type="fig"}). We also studied the effect of ribavirin on Treg cells in the presence of IFN-α; however, the expression of CTLA-4 and CD39 in Treg cells was not changed by ribavirin in the presence of IFN-α ([Fig. 1C and D](#F1){ref-type="fig"}).

Next, we isolated Foxp3^+^CD4^+^CD25^+^ Treg cells and non-Treg CD4^+^ T cells from PBMCs of normal donors, then performed the standard Treg suppression assay by co-culture of the isolated Treg cells and CFSE-labeled non-Treg CD4^+^ T cells. Prior to studying the effect of ribavirin on the results of the standard Treg suppression assay, we evaluated the direct effect of ribavirin on anti-CD3/anti-CD28-mediated proliferation of non-Treg CD4^+^ T cells. We were able to confirm that there was no direct effect of ribavirin on the proliferation of non-Treg CD4^+^ responder T cells ([Fig. 2A](#F2){ref-type="fig"}). Finally, we examined the effect of ribavirin on the suppressive activity of Treg cells in the standard Treg suppression assay, and found that ribavirin did not impair the suppressive activity of Treg cells ([Fig. 2B and C](#F2){ref-type="fig"}).

Our current report is contradictory to the results of the previous study which reported the effect of ribavirin on the suppressive activity of Treg cells for the first time ([@B15]). In this previous study, ribavirin inhibited IL-10 production of the Treg cell clones and reversed Treg cell-mediated suppression of effector T cells ([@B15]). They used Treg cell clones instead of freshly isolated Treg cells, whereas in the present study, we used freshly isolated Treg cells for the standard suppression assay. This difference in the sources of Treg cells might be a cause of the contradictory results. In addition, Treg cells were isolated from normal donors in the present study, while Treg cell clones were derived from patients with chronic HCV infection in the previous study ([@B15]). The effect of ribavirin on Treg cells of normal donors might be different from that on Treg cells of chronic HCV patients. This point needs to be clarified in further studies.

In summary, we investigated the effect of ribavirin on Foxp3^+^CD4^+^CD25^+^ Treg cells in the present study. While ribavirin was previously reported to inhibit the suppressive activity of Treg cells, here we demonstrate that ribavirin does not impair the suppressive activity of Treg cells isolated from normal donors. Future studies are warranted to clarify whether the effect of ribavirin on Treg cells is modulated by HCV infection.
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![The effect of ribavirin on the expression of CTLA-4 and CD39. (A, B) PBMCs were isolated from whole blood of normal donors and treated with 2.5µg/ml of ribavirin for 3 days. The percentage of CTLA-4^+^ or CD39^+^ cells in Foxp3^+^CD4^+^CD25^+^ Treg cells and Foxp3^-^CD25^-^ non-Treg CD4^+^ T cells was analyzed by flow cytometry (A). Representative histograms illustrate CTLA-4^+^ or CD39^+^ cells within the Foxp3^+^CD4^+^CD25^+^ Treg cell gate (B). (C, D) PBMCs were treated with 2.5µg/ml of ribavirin and 100 U/ml of IFN-α for 3 days. The percentage of CTLA-4^+^ or CD39^+^ cells in Foxp3^+^CD4^+^CD25^+^ Treg cells and Foxp3^-^CD25^-^ non-Treg CD4^+^ T cells was analyzed by flow cytometry (C). Representative histograms illustrate CTLA-4^+^ or CD39^+^ cells within the Foxp3^+^CD4^+^CD25^+^ Treg cell gate (D). The experiment was performed with PBMCs of multiple donors, and data from a single donor is presented as representative data.](in-13-25-g001){#F1}

![The effect of ribavirin on the suppressive activity of Treg cells. (A) Direct effect of ribavirin on the proliferation of non-Treg CD4^+^ T cells. Non-Treg CD4^+^ T cells were labeled with CFSE and stimulated with anti-CD3/anti-CD28 with or without 2.5µg/ml of ribavirin for 4 days, and the percentage of CFSE^lo^ dividing cells were analyzed by flow cytometry. (B, C) Foxp3^+^CD4^+^CD25^+^ Treg cells and non-Treg CD4^+^ T cells were isolated from PBMCs of normal donors, and the standard Treg suppression assay was performed by co-culture of the isolated Treg cells and CFSE-labeled non-Treg CD4^+^ T cells at the indicated ratio. The percentage of CFSE^lo^ dividing cells among non-Treg CD4^+^ T cells were analyzed by flow cytometry, and the percentage of suppression was calculated as \[1-(% T cell proliferation with Treg cells/% T cell proliferation without Treg cells)\]×100 (B). Representative histograms illustrate CFSE^lo^ dividing cells within the non-Treg CD4^+^ T cell gate (C). The experiment was performed with PBMCs of multiple donors, and data from a single donor is presented as representative data.](in-13-25-g002){#F2}
